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NASA TUNGSTEN REACTOR RADIATION CHEMISTRY STUDIES 

PhASE I ,  EXPERIMENT DESIGN 

G. H. Jenks,  H. C. Savage, and E. G. Bohlmann 

1. I n t r o d u c t i o n  

Poison c o n t r o l  s o l u t i o n s  of CdSO are be ing  considered f o r  p o s s i b l e  use  4 

i n  t h e  NASA Tungsten Water Moderated Reactor .  Information regard ing  e f f e c t s  

of i r r a d i a t i o n  on t h e  s t a b i l i t y  of t hese  s o l u t i o n s  toward l o s s  of cadmium i s  

needed f o r  complete e v a l u a t i o n  of t h i s  po ison  c o n t r o l  system. W e  have planned 

and are developing experiments t o  t e s t  t h e  s t a b i l i t y  of CdSO s o l u t i o n s  under 

e i e c i r u u  iirZdizt%sz ( x i z g  E de Graaff  a c c e l e r a t o r )  w i th  i n t e n s i t i e s  and 

o t h e r  cond i t ions  such t h a t  they e i t h e r  s i m u l a t e  those  i n  t h e  r e a c t o r  o r  provide  

a severe test of t h e  s t a b i l i t y  under i r r a d i a t i o n .  

4 

Test s o l u t i o n s  i n  con tac t  with Zircaloy-2 a t  temperatures  i n  t h e  range  

60 t o  12OOC w i l l  be  i r r a d i a t e d  a t  power d e n s i t i e s  up t o  150 w p e r  cc .  

s o l u t i o n s  w i l l  be  s t a t i c  i n  one t y p e  of experiment.  I n  another  t ype ,  t h e  so lu-  

t i o n s  w i l l  be  c i r c u l a t e d  t o  produce f i l m  cond i t ions  comparable t o  those  which 

w i l l  p r e v a i l  i n  t h e  r e a c t o r .  The tempera tures ,  power d e n s i t i e s ,  s o l u t i o n  

composi t ions and con ta ine r  m a t e r i a l  are those  of p o s s i b l e  i n t e r e s t  i n  t h e  

r e a c t o r .  The use  of e l e c t r o n s  ratner than reactor radiaLions is expected,  from 

t h e o r e t i c a l  c o n s i d e r a t i o n ,  t o  inc rease  t h e  chance t h a t  an i r r a d i a t i o n  e f f e c t  

w i l l  occur  a t  a g iven  power dens i ty .  The two d i f f e r e n t  types of experiments  

are be l i eved  necessary  t o  a s s u r e  t h a t  t h e  r a d i a t i o n  s t a b i l i t y  is  t e s t e d  under 

c o n d i t i o n s  a t  least  as seve re  as those  i n  t h e  r e a c t o r .  T h e o r e t i c a l  cons ider -  

a t i o n s  d i d  n o t  enable  u s  t o  p red ic t  r e l i a b l y  whether a g i t a t i o n  would have any 

e f f e c t  on t h e  r a d i a t i o n  s t a b i l i t y  o r ,  i n  f a c t ,  t h e  d i r e c t i o n  of an e f f e c t  i f  

one occurred.  

The 
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The des ign  f o r  t h e  s t a t i c  system i s  complete. Component t e s t i n g  t o  t h e  

e x t e n t  f e a s i b l e  and d e s i r a b l e  t o  provide  reasonable  assurance  of des ign  f eas -  

i b i l i t y  i s  a l s o  complete. 

been completed i n  l ike  d e t a i l .  

work and of component t e s t i n g  which have been obta ined  provide  s u f f i c i e n t  b a s i s  

f o r  proceeding with t h e  f i n a l  des ign  and cons t ruc t ion .  

Design and t e s t i n g  of t h e  dynamic system has  n o t  

However, w e  b e l i e v e  t h a t  t h e  r e s u l t s  of des ign  

Design information and r e s u l t s  of component t e s t i n g  are summarized i n  

t h i s  r e p o r t .  

2. S t a t i c  System 

2.1 General Desc r ip t ion  

The s t a t i c  system i s  comprised of an i r r a d i a t i o n  ce l l  t o g e t h e r  w i th  

a u x i l i a r y  equipment f o r  t h e  i n t r o d u c t i o n  of samples t o  b e  i r r a d i a t e d  and f o r  

t h e  recovery of t he  i r r a d i a t e d  samples.  

and in t e rconnec t ions  i s  g iven  i n  Fig.  1. 

A schematic  drawing showing components 

The i r r a d i a t i o n  c e l l  i s  comprised of a s i n g l e  loop of small  bore  Zirc- 

aloy-2 tub ing  surrounded by a coolant  j a c k e t ,  Fig.  2.  

amta ins  a f i n e  metal  f i l t e r  a t  one end. The test  s o l u t i o n  w i l l  be exposed t o  

r a d i a t i o n  w i t h i n  the  Zircaloy-2 tube.  The dose ra te  may range up t o  150 w/cc 

f o r  exposure per iods  which may range up t o  many minutes .  A f t e r  exposure,  t h e  

s o l u t i o n  i s  fo rced  through t h e  f i l t e r ,  c o l l e c t e d ,  and analyzed.  The tempera- 

t u r e  dur ing  i r r a d i a t i o n  w i l l  b e  c o n t r o l l e d  by pass ing  cont ro l led- tempera ture  

water through t h e  j acke t  a t  a r a p i d  rate. 

The Zircaloy-2 tub ing  

The a u x i l i a r y  equipment c o n s i s t s  of a s o l u t i o n  r e s e r v o i r ,  a s o l u t i o n  

displacement  p i s t o n ,  and a sample c o l l e c t i o n  chamber, t o g e t h e r  w i t h  connec t ing  

l i n e s  and va lves .  

procedures  were given i n  a previous  repor t . '  

w i t h i n  t h e  Van de Graaff room. 

General d e s c r i p t i o n s  of t h i s  equipment and of o p e r a t i n g  

All equipment w i l l  b e  l o c a t e d  

f 



L 

D ’  3 

More d e t a i l e d  informat ion  i s  presented  below. 

2 . 2  S p e c i f i c a t i o n s  

2.2.1 C e l l  

A d e t a i l e d  drawing of t h e  cell  and of t h e  mounting employed dur ing  i r r a d i -  

a t i o n  is  shown i n  Fig.  2. The dimensions of a g iven  t e s t  system may d i f f e r  

s l i g h t l y  from those  l i s t e d .  I n  p a r t i c u l a r  i t  now seems l i k e l y  t h a t  t h e  I . D .  of 

t h e  Zircaloy-2 tes t  tube  w i l l  be about 26 m i l s  r a t h e r  t han  19 m i l s .  

d i f f e r e n c e s  i n  dimensions w i l l  no t  a f f e c t  conclus ions  regard ing  t h e  f e a s i b i l i t y  

of t h e  des ign .  

These small 

Add i t iona l  dimensions and parameters  f o r  t h e  r e fe rence  system of Fig.  2 

are l i s t e d  i n  Table 1. 

2.2.2 So lu t ion  Reservoir  

Materials and dimensions are given i n  Fig.  3. 

2 . 2 . 3  Displacement P i s ton  

The displacement  p i s t o n  is  comprised of a t i t an ium v a l v e  wi th  Teflon 

packing manufactured by Autoclave Engineers ,  E r i e ,  Pa. (30,000 p s i  s e r i e s ) .  

P r o v i s i o n s  w i l l  b e  made f o r  remote ope ra t ion  using a s t e p  motor. A photograph 

of t h e  motor-pis ton assembly i s  shown i n  Fig.  4 .  The displacement  produced by 

t u r n i n g  t h e  va lve  has been c a l i b r a t e d .  

valve s t e m  t u r n s  w a s  0.10 cc.  One complete va lve  s t e m  t u r n  r equ i r ed  200 s t e p s  

on t h e  motor c o n t r o l .  This number of s t e p s  can be  accomplished i n a s  l i t t l e  as 

0 . 7  m i n .  

T o t a l  displacement  f o r  seven complete 

2.2.4 Sample Co l l ec t ion  Chamber 

A drawing wi th  material and dimensions i s  shown i n  Fig.  5. 

2.2.5 Valves and Connecting Lines  

Valves which con tac t  s o l u t i o n  w i l l  be of t i t a n i u m  wi th  Teflon packing 
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{Autociave Engineers,  30,UUU p s i  s e r i e s )  o r  s t a i n l e s s  s teel  midget v a l v e s  

(Autoclave Engineers) .  

The tube  connecting t h e  c e l l  w i t h  t h e  c o l l e c t i o n  chamber w i l l  b e  of 6 

m i l  I . D . ,  304 s t a i n l e s s  s t e e l ,  20 cm long. The remaining l i n e s  which c o n t a c t  

s o l u t i o n  w i l l  b e  of t i t a n i u m  o r  s t a i n l e s s  s t ee l  w i t h  s m a l l  bores  and s h o r t  

l e n g t h s  . 
2.2.6 Coolant Heater 

A drawing of t h e  1500 w h e a t e r  which w i l l  b e  employed i n  c o n t r o l l i n g  t h e  

A manually opera ted  Variac w i l l  prob- coolan t  temperature  is  shown i n  Fig.  6 .  

ably  b e  used t o  c o n t r o l  t h e  h e a t i n g  of t h e  coolan t  dur ing  passage  through t h e  

h e a t e r .  

2 .3  Procedures and Methods f o r  S t a b i l i t y  Determinat ion 

2.3.1 General Procedure 

The planned procedure f o r  accomplishing a s t a b i l i t y  experiment i s  as 

fol lows.  

s p e c i f i e d  power d e n s i t y  and temperature  f o r  t h e  d e s i r e d  t i m e .  

s o l u t i o n  i s  then d isp laced  i n t o  t h e  sample c o l l e c t i o n  chamber whi le  i r r a d i a t i o n  

cont inues .  The sample is  next  recovered q u a n t i t a t i v e l y  from t h e  chamber us ing  

up t o  3 m l  of wash s o l u t i o n  t o  a i d  i n  t h e  recovery.  

Cd, and t h e  s t a b i l i t y  dur ing  i r r a d i a t i o n  i s  e v a l u a t e d  from t h i s  a n a l y t i c a l  re- 

s u l t  t o g e t h e r  w i t h  p r i o r  in format ion  on t h e  s t a b i l i t y  of t h e  s o l u t i o n  i n  t h e  

A t e s t  s o l u t i o n  of CdS04 is p laced  i n  t h e  c e l l  and i r r a d i a t e d  a t  a 

The i r r a d i a t e d  

The sample is  analvzed f o r  

absence of r a d i a t i o n .  

D e t a i l e d  methods and procedures  are d e s c r i b e d  below. 

2.3.2 Control  and Determination of S o l u t i o n  Temperature 

a .  I n t r o d u t i o n  
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The 

e r a t u r e  of 

temperature  of t h e  s o l u t i o n  i s  c o n t r o l l e d  by c o n t r o l l i n g  t h e  temp- 

t h e  o u t e r  s u r f a c e  of t h e  Zircaloy-2 tube .  This c o n t r o l  of s u r f a c e  

temperature  i s  e f f e c t e d  by pass ing  cont ro l led- tempera ture  water through t h e  

coolan t  j a c k e t  a t  high v e l o c i t y .  

depend upon s e v e r a l  f a c t o r s ,  inc luding  (1) rates of h e a t i n g  i n  t h e  d i f f e r e n t  

materials conta ined  i n  the  c e l l ,  ( 2 )  h e a t  t r a n s f e r  p r o p e r t i e s  i nc lud ing  t h e  calcu-  

l a t e d  va lue  of t h e  f i l m  c o e f f i c i e n t  a t  t h e  o u t e r  s u r f a c e  of t h e  Zircaloy-2 tube ,  

(3) v e l o c i t y  of coolan t  f low,  and ( 4 )  t empera ture  of t h e  experiment.  

Temperature g r a d i e n t s  p r e v a i l  i n  amounts which 

An e v a l u a t i o n  of temperature  g r a d i e n t s  is  descr ibed  below f o r  t h e  condi- 

t i o n s :  (1) 150 w/cc i n  s o l u t i o n ,  ( 2 )  60°C and 120°C i n  s o l u t i o n ,  and ( 3 )  cool- 

an t  v e l o c i t y  of l y  t p s .  A veiocir;y v i  19 {pa iit L U V L L L  + - - - f i - . . t * - ~ ~  L L & L L y b  L u L U A  - h ~ c  ..-- haan - - -__ demnn- 

s t r a t e d  wi th  a mock-up i n  which the coolan t  j a c k e t  w a s  a t t a c h e d  t o  a l a b o r a t o r y  

wa te r - t ap  supply.  It i s  expected t h a t  somewhat h i g h e r  v e l o c i t i e s  w i l l  p r e v a i l  

a t  h i g h e r  tempera tures .  

b. R e l a t i v e  rates of hea t ing  i n  d i f f e r e n t  c e l l  materials. 

The r e l a t i v e  rates of r a d i a t i o n  h e a t i n g  i n  t h e  l i q u i d s ,  Zircaloy-2 and 

s t a i n l e s s  s t e e l  which comprise t h e  c e l l  w i l l  depend upon t h e  r e l a t i v e  ranges  

and r a t e s  of s c a t t e r i n g  of e l e c t r o n s  i n  the  materials and upon t h e  geometr ica l  

arrangement of t h e  materials. For des ign  c o n s i d e r a t i o n s ,  i t  w a s  assumed t h a t  

t h e  h e a t i n g  ra te  i s  i n v e r s e l y  p ropor t iona l  t o  maximum range o t  e i e c t r o n s  i n  c'ne 

material. Closer  e s t ima tes  can probably be obta ined  from obse rva t ions  of t h e  

r ise  i n  tempera ture  of t h e  coolant  dur ing  passage through t h e  c e l l  dur ing  an 

experiment .  

thermocouples a t t a c h e d  t o  t h e  i n l e t  and e x i t  l i n e s  on t h e  c e l l  as i n d i c a t e d  i n  

F igu re  2.) 

(The tempera ture  of the coolan t  w i l l  be  determined by means of 

The assumed va lues  f o r  r e l a t i v e  hea t ing  rates a t  150 w/cc i n  s o l u t i o n  a r e  

t h e  fo l lowing  . 

. 
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Material Heating rate ( c a l  , s e c - l  , cc-') 

Water 
Zirconium (Zircaloy-2) 
S t a i n l e s s  s t e e l  
Titanium 

38 
156 
226 
130. 

c. Temperature g r a d i e n t s  a t  150 w p e r  c c  i n  s o l u t i o n  

1. Heating rates i n  components of t es t  loop 

Ca lcu la t ed  hea t ing  rates a t  150 w/cc based on t h e  above r e l a t i v e  rates 

are set f o r t h  i n  Table 2.  

2.  Ca lcu la ted  tempera ture  g r a d i e n t s  

Ca lcu la t ed  temperature g r a d i e n t s  i n  t h e  test loop a t  60 and 120°C are 

l i s t e d  i n  Table 3 .  One v a l u e  f o r  t h e  tempera ture  g r a d i e n t  a c r o s s  t h e  f i l m  a t  

60°C w a s  c a l c u l a t e d  f o r  f u l l y  t u r b u l e n t  flow. Another was c a l c u l a t e d  f o r  t r an -  

s i t i o n  type  flow. Since R i s  about 4400, i t  i s  cons idered  l i k e l y  t h a t  t h e  coef- 

f i c i e n t  w i l l ,  i n  f a c t ,  correspond t o  t h a t  f o r  t r a n s i t i o n  flow. I n  any case, 

e 

t h e  c a l c u l a t e d  temperature drop a c r o s s  t h e  f i l m  i s  s m a l l  f o r  f low of e i t h e r  t y p e  

s o  t h a t  t h e  u n c e r t a i n t y  i n  t h e  e s t ima ted  s o l u t i o n  tempera ture  i s  n o t  a f f e c t e d  

apprec i ab ly  by t h i s  u n c e r t a i n t y .  Thus, f o r  example, i f  t h e  c a l c u l a t e d  f i l m  coef- 

f i c i e n t  is  i n  e r r o r  by a f a c t o r  of two, t h e  e s t ima ted  s o l u t i o n  tempera ture  i s  i n  

e r r o r  by about 2.6"C a t  t h e  maximum. This  degree  of u n c e r t a i n t y  i s  cons idered  

accep tab le .  

For tempera tures  h ighe r  t han  60"C, t h e  flow w i l l  become more n e a r l y  t u r -  

b u l e n t ,  and t h e  f i l m  c o e f f i c i e n t  w i l l  dec rease  as shown by t h e  c a l c u l a t e d  v a l u e  

a t  120°C. 

For t h e  po r t ion  of t h e  tube  con ta in ing  t h e  t i t a n i u m  f i l t e r  i t  w a s  assumed 

t h a t  no exchange of h e a t  t akes  p l a c e  between s o l u t i o n  and f i l t e r  and t h a t  t h e  
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Table 1. Reference S t a t i c  C e l l  Dinensions 

Component Dimensions 

a .  Zircaloy-2 tube f o r  test s o l u t i o n  ( 4  ( cc>  (cc/cm) (cm /cm) --- 2 

I . D .  .048 

O.D. . l o 2  

I n t e r n a l  volume p e r  u n i t  l ength  
(volume of s o l u t i o n )  -- 
Length of tubing i r r a d i a t e d  4.45 
T o t a l  I n t e r n a l  volume -- 

-- 
.00814 

I n t e r n a l  area of tube 
p e r  u n i t  l e n g t h  

Rat io  of i n t e r n a l  s u r f a c e  
area t o  voiume 

.151 -- 

--- 83.5 -- 
T o t a l  volume of s o l u t i o n  p l u s  
tub ing  and w a l l s  p e r  u n i t  
l e n g t h  -- 
Volume of w a l l  p e r  u n i t  l e n g t h  -- 

.00816 

.00613 

Area of o u t e r  w a l l  p e r  u n i t  
l e n g t h  .320 -- -- 

b.  S t a i n l e s s  steel  cooling j a c k e t  

I.D. ,137 

Annular gap f o r  H20 ,018 

Volume of H 0 p e r  u n i t  l e n g t h  2 of annulus -- .00654 
-- O.D. .157 

' I 'otai voiume ui tubl i ig per 
u n i t  l e n g t h  .0193 

.0046 Volume of w a l l  p e r  u n i t  l ength  -- 
c. Titanium f i l t e r  ( d e n s i t y  3.80 g / cc>  

Thickness .064 

Diameter .058 

Pore s i z e  .0003 t o  
.00035 
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Comp on en t Heat ing Rate 

1. Test sample tube ( c a 1 , s e c  , c m  ( c a 1 , s e c  , c m  -1 -1)a -1 -2)b 

S o l u t i o n  0.07 0.22 

Z i r ca 1 oy- 2 w a l l  0.96 2.99 

T o t a l  of s o l u t i o n  p l u s  w a l l  1 .03 3.21 

2.  Coolant j a c k e t  

Water 0.25 -- 

S t a i n l e s s  s t e e l  1.22 -- 
~ 

~ 

3 .  T o t a l  h e a t  flowing i n t o  water 
( n e g l e c t i n g  f i l t e r )  2.50 382' 

-- d 4 .  Titanium f i l t e r  0.29 

Table 2. Radiat ion Heat ing i n  Components of Reference S t a t i c  T e s t  Loop 

a t  150 w / c c  i n  S o l u t i o n  

l 

a. P e r  u n i t  l e n g t h  of c o i l .  

b. 

c. C a l  p e r  sec p e r  cc of water i n  annulus.  

~ 

Per  u n i t  area of o u t e r  s u r f a c e  of Zircaloy-2 t u b i n g  

I d. Assuming a d e n s i t y  of 3.8 g / c c .  

I 
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Table 3. Calcu la ted  Temperature Gradien t  i n  S t a t i c  T e s t  Loop 
150 w/cc 

Location 

1. P o r t i o n  of Zircaloy-2 

con ta in ing  s o l u t i o n  

Center  of s o l u t i o n  
t o  i n n e r  s u r f a c e  of tube  

Across Zircaloy-2 w a l l  

Volume h e a t i n g  i n  w a l l  
Heat from s o l u t i o n  
T o t a l  

Across f i l m  between 
Zircaloy-2 and coolan t  

Turbulent  flow 
T r a n s i t i o n  flow 

T o t a l  from c e n t e r  of 
s o l u t i o n  t o  coolan t  

2.  P o r t i o n  of tube con ta in ing  
t i t a n i u m  f i l t e r  

Temp era t u re  Gradien t  Temperature Gradient  

120"Cf a t  60°C a t  

3.ga 3.9 

b 1. 6b 
0.2 
1.8 

1.6 
0.2 
1 .8  

2.1 (h = 1 0 , 5 0 0 ) ~  l . j i ( n  = _ . I  I 0 , I V V )  -lnn\g 
2.6 (h = 8,600) - 

7 . 8  t o  8 .3  7.0 

0 . 7  (minimum) d Center  of t i t an ium t o  
i n n e r  s u r f a c e  of tube  0.7 (minimum) 

Across Zircaloy-2 w a l l  3.0 (maximum) 3.0 (maximum) 
e 

Across f i l m  between 
Zircaloy-2 and coolan t  

Turbulent  f low 
T r a n s i t i o n  flow 

2.1: 
2 .8  

T o t a l  from c e n t e r  of r ' iitex 
t o  coo lan t  5.8 t o  6.5 

3. Temperature r ise i n  coolan t  
a t  19 f p s  2.9 

1.4g 
i - 

5.1 

2.9 

a. Appendix 1 
b.  Appendix 2 
c. Appendis 3. The R e  i s  4400.  
d. Appendix 4 
e. Appendix 5 
f .  It w a s  assumed t h a t  t he  va lues  of a l l  parameters  were t h e  same as those  a t  

g. Re equa l  t o  8,700. See Appendix 3 f o r  method of c a l c u l a t i o n .  
i. Flow i s  d e f i n i t e l y  t u r b u l e n t .  

60°C except  t hose  in f luenc ing  the  f i l m  c o e f f i c i e n t .  
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h e a t  from the f i l t ~ r  flsvs thrcngh tile r i n g  of Zircaloy-2 i n  c o n t a c t  w i t h  t h e  

f i l t e r .  I n  p r a c t i c e ,  exchange of h e a t  between s o l u t i o n  and f i l t e r  w i l l  occur  

and t h e  conduct ion area w i l l  exceed t h a t  i n  t h e  r i n g .  Accordingly,  i t  i s  ex- 

pec ted  t h a t  t h e  temperatures a t  g iven  p o i n t s  i n  t h i s  r e g i o n  w i l l  probably b e  

near t h o s e  f o r  s i m i l a r l y  l o c a t e d  p o i n t s  i n  o t h e r  p o r t i o n s  of t h e  tube .  

d.  Summary 

The temperature  g r a d i e n t s  and t h e  degree  of temperature  c o n t r o l  i n d i c a t e d  

by t h e  above cons idera t ions  are b e l i e v e d  t o  b e  a c c e p t a b l e  f o r  t h e  proposed ex- 

per iments .  

I n  p r a c t i c e ,  f o r  t h e  most p r e c i s e  estimates, temperature  g r a d i e n t s  must 

b e  c a l c u l a t e d  f o r  each experiment using coolan t  f low rates and tempera tures  

determined dur ing  an experiment ,  and a l s o  using b e s t  v a l u e s  f o r  t h e  dimensions 

of t h e  p a r t i c u l a r  experimental  c e l l .  

I n  t h e  event  t h a t  t h e  degree of s t a b i l i t y  proves t o  b e  s t r o n g l y  dependent 

upon t h e  temperature ,  i t  may b e  worthwhile t o  d e v i s e  and perform experiments  

which w i l l  e n a b l e  t h e  s o l u t i o n  tempera ture  t o  be s t a t e d  w i t h  g r e a t e r  p r e c i s i o n .  

2.3.3 Control and Determinat ion of Power Densi ty  i n  S o l u t i o n  

a. Source of f a s t  e l e c t r o n s  

The ORNL Chemistry D i v i s i o n  Van de Graaff a c c e l e r a t o r  w i l l  b e  employed i n  

t h i s  work. A cont inuous,  maximum, c u r r e n t  of 100 pamps a t  2 Mev can b e  obta ined .  

b. E lec t ron  beam i n t e n s i t y  and d i s t r i b u t i o n  a t  c e l l  

Measurements employing a m u l t i p o i n t  c o l l e c t o r 4  o r  a l a r g e  c o l l e c t o r  area 

I def ined  by a h o l e  i n  a s h i e l d  p l a t e  showed t h a t  t h e  i n t e n s i t y  and d i s t r i b u t i o n  

of t h e  beam a t  a given t o t a l  beam c u r r e n t  i s  dependent upon t h e  d i s t a n c e  between 

t h e  exper imenta l  ce l l  and t h e  Van de Graaff  window and upon t h e  material ,  s i z e  

and p o s i t i o n  of beam scatterers p laced  between t h e  c e l l  and t h e  Van de Graaff. 

The fol lowing arrangement has  been s e l e c t e d  f o r  u s e  w i t h  t h e  s t a t i c  experiments .  
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Dis tance  between ce l l  and Van de Graaff window 

S c a t t e r e r  c e n t r a l l y  pos i t ioned  

Mat e r i a1 
Thickness 
Diameter 
Dis tance  from c e l l  s u r f a c e  

Brass s h i e l d  p l a t e  

Gold 
1 m i l  

0.6 c m  
0.48 cm 

2.27 cm 

Thi c knes s 0.32 cm 
Cen t ra l  h o l e  diameter 1.27 cm 
Sepa ra t ion  between c e l l  and o u t e r  
Sur face  of p l a t e  0.48 c m  

The r e s u l t s 4  of tests of t h i s  arrangement us ing  t h e  mul t ipo in t  c o l l e c t o r  

wi thout  t h e  s h i e l d  p l a t e  i n d i c a t e d  t h a t  t h e  beam c u r r e n t  w i l l  be s u b s t a n t i a l l y  

cons t an t  Over the  loop s u r f a c e s .  They a l s o  inaicareci  i i iai  -’-.. LIIC a v G L c r g r  ---^-^-e b w L - - - - -  mv’rron+ 

d e n s i t y  w i l l  be about 30 pamp/cm2 when t h e  t o t a l  c u r r e n t  i s  100 uamps. 

c. Re la t ionsh ip  between beam c u r r e n t  and power d e n s i t y  i n  s o l u t i o n  

The r e s u l t s 5  of measurements i n  which a ceric dosimeter  s o l u t i o n  w a s  used 

wi th  a mock-up of t h e  c e l l  which conformed t o  t h e  above arrangement l e d  t o  t h e  

conclus ion  t h a t  t h e  average power d e n i s t y  i n  t h e  c e r i c  s o l u t i o n  w a s  155 w/cc when 

t h e  t o t a l  beam c u r r e n t  w a s  100 uamps. The e s t ima ted  s t anda rd  e r r o r  i n  t h i s  va lue  

w a s  2 7 w/cc. 

The planned exper imenta l  c e l l  i s  s i m i l a r  t o  t h e  mock-up, and i t  w i l l  b e  

p o s s i b l e  t o  estimate t h e  power dens i ty  a t  a g iven  t o t a l  c u r r e n t  from the  inform- 

a t i o n  obta ined  wi th  t h e  mock-up. I n  t h e  event  t h a t  t h e  degree of s t a b i l i t y  of 

t h e  s o l u t i o n  proves t o  be  s t r o n g l y  dependent on power d e n s i t y ,  i t  may b e  worth- 

w h i l e  t o  c a r r y  out  a d d i t i o n a l  experiments t o  improve- t h e  r e l i a b i l i t y  and pre-  

c i s i o n  of power d e n s i t y  va lues .  Such experiments would employ a ceric s o l u t i o n  

w i t h i n  t h e  exper imenta l  c e l l .  

d. Recording of e l e c t r o n  c u r r e n t  

The c u r r e n t  may vary to some e x t e n t  dur ing  an  exposure,  and a r eco rd  of 

t h e  c u r r e n t  w i l l  be  obta ined  using a Sargent  Recorder.  



12 

L &. 9 - 1  -). I.Ieiiivcis and S e n s i t i v i t y  of Cadmium Analyses" 

Small  amounts of Cd such as those  which may b e  obta ined  i n  s t a t i c - t y p e  

experiments  w i l l  be analyzed p o l a r o g r a p h i c a l l y .  

- + 3% f o r  concent ra t ions  of  >3  pg/ml; a t  1 pg/ml i t  i s  about 5 5%.  

are normally used, b u t  a volume of 2 o r  3 m l  can b e  used wi thout  much a d d i t i o n a l  

e f f o r t .  

s o l u t i o n s .  

The expected accuracy i s  about 

Volumes of 5 m l  

This  accuracy i s  obta ined  i n  I I C l  s o l u t i o n s  ( 0 . 1  M) b u t  n o t  i n  H 2 S 0 4  

To p l a c e  t h i s  in format ion  i n  p e r s p e c t i v e ,  assume t h a t  w e  have a 0.008 m l  

sample of a 0 .01  M CdSO s o l u t i o n  c o l l e c t e d  i n  t h e  sample c o l l e c t o r .  

then  c o n t a i n s  8.8 pg of Cd. This  sample is  removed from t h e  c o l l e c t o r  us ing  

0 . 1  M H C 1  t o  wash the  c o l l e c t o r  s u r f a c e s  and t h u s  a i d  i n  o b t a i n i n g  complete re- 

covery. The sample i s  d i l u t e d  t o  a t o t a l  volume of about 3 m l  us ing  0 .1  M H C 1 ,  

and then  analyzed p o l a r o g r a p h i c a l l y  t o  an o v e r a l l  accuracy of  about 5 0.3  pg i n  

t h e  8.8 pg sample. S ince  t h e  area of Zircaloy-2 i n  c o n t a c t  w i t h  t h e  sample i s  

0.67 c m  , t h e  s e n s i t i v i t y  of t h e  de te rmina t ion  of t h e  amount adsorbed i s  

The sample 4 

2 

- + ( 1 . 4 )  ( 0 . 3 ) / 0 . 6 7  = 0.65  pg/cmL.* 

It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s e n s i t i v i t y  of t h e  de te rmina t ion  of 

t h e  amout adsorbed would n o t  b e  i n c r e a s e d  and may be  decreased  by o b t a i n i n g  a 

l a r g e r  sample. Thus, i f  t h e  s a m p l e  c o n t a i n s  100 pg, t h e  sample would b e  analyz- 

ed c o u l o m e t r i c a l l y  with an expected s e n s i t i v i t y  of about  5 1 pg s o  t h a t  u n c e r t a i n -  

t y  i n  t h e  amount adsorbed would be  about f. ( 1 . 4 ) ( 1 . 5 )  pg/cm2 = 5 2 . 1  pg/cm . 2 

2.3.5 Control Tests of S o l u t i o n  S t a b i l i t y  

Various c o n t r o l  experiments  w i l l  be  r e q u i r e d  t o  e s t a b l i s h  t h e  s t a b i l i t y  

of t h e  CdSO t e s t  s o l u t i o n  i n  t h e  absence of r a d i a t i o n .  The experiments  which 

a r e  now planned are l i s t e d  below along wi th  e x p l a n a t o r y  remarks. 

4 

* The f a c t o r  1.4  e n t e r s  because t h e  f i n a l  r e s u l t  is t h e  d i f f e r e n c e  between 
two v a l u e s  known w i t h  equal  accuracy 
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a. Determinat ion of t h e  amount of Cd adsorbed 

s t a i n l e s s  s t ee l  c a p i l l a r y  i n  con tac t  w i th  t h e  p a r t i c u l a r  

t es t .  

on s u r f a c e  of 6 m i l  

s o l u t i o n  t o  be  used i n  

This  de te rmina t ion  i s  needed t o  e s t a b l i s h  whether i t  i s  p o s s i b l e  i n  

p r i n c i p l e  f o r  deso rp t ion  of Cd from t h e  tube  which connects  t h e  c e l l  and sample 

c o l l e c t o r  t o  s i g n i f i c a n t l y  change the concen t r a t ion  of Cd i n  t h e  i r r a d i a t e d  so lu-  

t i o n  as i t  passes through t h e  tube.  

It is  expected t h a t  t h e  amount adsorbed w i l l  b e  < 0.5 pg/cm 2 o r  a t o t a l  

of < 0.5 pg on t h e  0.9 cm2 of tube  s u r f a c e .  S ince  t h e  expected s e n s i t i v i t y  of Cd 

d e t e c t i o n  i n  t h e  sample w i l l  be about 5 0.3 pg, i t  can b e  assumed t h a t  deso rp t ion  

from t h e  s t a i n l e s s  s t ee l  w i l l  no t  a f f e c t  t h e  test r e s u l t s  when the amount UII ills 

s tee l  i n i t i a l l y  i s  0.5 pg/cm o r  l e s s .  I n  p r a c t i c e ,  w e  a r e  n o t  c e r t a i n  t h a t  t h e  

s o r p t i o n  w i l l  be  < 0.5 pg/cm 

2 

2 i n  a g iven  s o l u t i o n ,  and w e  need t o  v e r i f y  t h i s .  

So rp t ion  on the  s t a i n l e s s  s teel  tub ing  from t h e  sample would a f f e c t  t h e  

r e s u l t s  i f  i t  occurred  t o  an apprec i ab le  e x t e n t .  However, i t  i s  reasonable  t o  

assume t h a t  t h e  s tee l  s u r f a c e s  w i l l  have been n e a r l y  s a t u r a t e d  w i t h  Cd p r i o r  t o  

t h e  tes t  s o  t h a t  l i t t l e  o r  no a d d i t i o n a l  abso rp t ion  w i l l  occur  dur ing  t h e  t i m e  

t h e  tes t  s o l u t i o n  i s  i n  contac t  with t h e  s tee l .  

The planned procedure i s  as fo l lows :  

Pass CdSO tes t  s o l u t i o n  through a l eng th  of s t a i n l e s s  s teel  tubing f o r  4 

a s h o r t  t i m e  and then  al low t h e  s o l u t i o n  t o  s t a n d ,  a t  room temperature ,  f o r  

about  30 min. 

Force s o l u t i o n  out  of tube and r i n s e  tube wi th  d i s t i l l e d  water. 

Rinse tube  wi th  0.01M HNO and submit r i n s e  s o l u t i o n  f o r  ana lyses .  3 

b. Determinat ion of amount of Cd adsorbed on Zircaloy-2 tes t  tube  a t  

room temperature .  

The planned procedure f o r  t h i s  t es t  i s  t h e  same as t h a t  desc r ibed  above. 
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t. Lktei<iliiiiiiuu ui concen t r a t ion  of Cd i n  s o l u t i o n  p laced  i n  ce l l .  

The planned procedure is  as fo l lows:  

Assemble i r r a d i a t i o n  c e l l  and a u x i l i a r y  equipment. Charge wi th  s o l u t i o n .  

C o l l e c t  sample i n  c o l l e c t o r .  

i n  recovery of s a m p l e  i n  c o l l e c t o r .  Analyze sample. Repeat c o l l e c t i o n  and 

ana lyses  of samples u n t i l  t h e  observed concen t r a t ion  remains cons t an t .  

Remove sample us ing  0.1 M H C 1  wash s o l u t i o n  t o  a i d  

d. Determination of amount of Cd adsorbed on Zircaloy-2 t es t  tube  a t  

t es t  tempera ture .  

The planned procedure i s  as fo l lows:  

Use t h e  assembled i r r a d i a t i o n  c e l l  and a u x i l i a r y  equipment. Charge wi th  

s o l u t i o n  sample. Heat c e l l  t o  test tempera ture  and a l low t o  s t a n d  f o r  30 min. 

Co l l ec t  sample and analyze.  Repeat procedure u n t i l  observed concen t r a t ion  re- 

mains cons t a n t .  

2.4 S t a t u s  of Equipment 

A mock-up of t h e  c e l l  wi thout  f i l t e r  has  been cons t ruc t ed  and used i n  

dosimetry experiments.  5 y 7  

be  cons t ruc t ed  according t o  des ign .  

t i t a n i u m  f i l t e r  m a t e r i a l ,  3.5 micron mean pore  s i z e  and 0.030 i n .  thick,can be  

p r e s s - f i t t e d  i n t o  the Zircaloy-2 tub ing  a t  t h e  proper  l o c a t i o n .  Microscopic  ex- 

aminat ion a f t e r  gr inding  away a s e c t i o n  of t h e  tube  and f i l t e r  i n d i c a t e d  t h a t  t h e  

f i l t e r  w a s  i n t a c t .  Addi t iona l  examinat ions w i l l  b e  made t o  estimate t h e  t i g h t -  

nes s  of t h e  sea l  between t h e  f i l t e r  and t h e  tube  w a l l s .  

Experience wi th  t h i s  mock-up showed t h a t  t h e  c e l l  can 

A technique  has  been developed by which 

A t  p r e s e n t  only t h e  t i t an ium f i l t e r  material  i s  on hand. However, porous 

zirconium material of 20-30 micron mean pore  s i z e  and a 0.090 i n .  t h i c k  has  been 

ordered .  This  i s  the only porous zirconium a v a i l a b l e  and a l though t h e  mean pore  

s i z e  i s  somewhat large i t  may prove u s e f u l  i n  some experiments .  

3 .  Dynamic System 

3.1 In t roduc t ion  

J 
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Dynamic experiments w i l l  b e  conducted wi th  a s m a l l ,  h igh  speed (35,000 

rpm), c e n t r i f u g a l  pump wi th  which s o l u t i o n  i s  c i r c u l a t e d  through a s m a l l  bo re  

tube  which forms a loop i n  f r o n t  of t h e  cover p l a t e  of t h e  pump. The d iameters  

of t he  pump c a v i t y  and of t h e  tube  bore are about one-half i n .  and 26 m i l s .  The 

t o t a l  f l u i d  volume i s  about  one-fourth cc  and a l l  of t h e  f l u i d  w i l l  b e  i r r a d i a t -  

ed cont inuous ly  dur ing  an exposure.  

The purpose of t h e  tube  is  t o  provide  a channel  i n  which f i l m  cond i t ions  

can be  made comparable t o  those  i n  t h e  r e a c t o r .  

housing cannot be w e l l  de f ined ,  and t h e  f i l m  cond i t ions  i n  t h i s  r eg ion  cannot be  

e s t ima ted  r e l i a b l y .  The s e l e c t i o n  of t h e  bo re  diameter  w a s  based on: (1) calcu-  

l a t e d  va lues  f o r  t h e  s o l u t i o n  v e l o c i t y  r equ i r ed  i n  a tube  o t  given  bore  4 i A i i C t E r  

i n  o r d e r  t o  e s t a b l i s h  f i l m  c o e f f i c i e n t s  comparable t o  those  i n  t h e  r e a c t o r  a t  a 

v e l o c i t y  and h y d r a u l i c  diameter  of 40 f p s  and 100 m i l s ,  (2)  exper imenta l  va lues  

f o r  head-flow c h a r a c t e r i s t i c s  of a pump which has  been designed and t e s t e d ,  and 

( 3 )  exper imenta l  va lues  f o r  t h e  flow r a t e -p res su re  drop r e l a t i o n s h i p  i n  a 26 m i l  

I.D. t ube  ben t  i n t o  t h e  shape requi red  wi th  t h e  ce l l .  

The flow around t h e  i m p e l l e r  and 

The bases  f o r  l i m i t i n g  the  pump diameter  t o  one-half i n .  and f o r  t h e  o t h e r  

pump des ign  f e a t u r e s  inc luded :  (1) t h e  assumption t h a t  t h e  dose ra te  should  be 

approximately uniform through t h e  s o l u t i o n ,  (2)  exper imenta l  in format ion  which 

showed t h a t  s u i t a b l e  doses and approximately uniform dose rates can be achieved 

w i t h  t h e  proposed des ign  and wi th  t h e  a v a i l a b l e  Van de Graa f f ,5  and ( 3 )  tempera- 

t u r e  c o n t r o l  cons ide ra t ions .  

The method of performing an experiment w i th  t h i s  system i s  s imi l a r  t o  

t h a t  p rev ious ly  desc r ibed  f o r  t he  s t a t i c  sys tem.  

ed f o r  a d e s i r e d  p e r i o d ,  i t  w i l l  be d i l u t e d  and forced  through a f i l t e r  us ing  

f r e s h  s o l u t i o n .  I r r a d i a t i o n  and c i r c u l a t i o n  w i l l  cont inue  dur ing  t h i s  d i l u t i o n .  

A f t e r  an amount of s o l u t i o n  s u f f i c i e n t  f o r  a c c u r a t e  ana lyses  ( see  Sec. 3 . 7 )  has  

Af t e r  t h e  s o l u t i o n  i s  i r r a d i a t -  
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brrl l  i o r c e d  from t h e  c e l l ,  t h e  i r r a d i a t i o n  and c i r c u l a t i o n  are stopped. Loss 

of Cd dur ing  i r r a d i a t i o n  i s  determined from t h e  r e s u l t s  of a n a l y s e s  of one o r  

more of t h e  fol lowing:  (1) s o l u t i o n  drawn from t h e  c e l l  dur ing  o p e r a t i o n ,  (2 )  

s o l u t i o n  remaining i n  t h e  c e l l  a t  te rmina t ion  of i r r a d i a t i o n ,  and ( 3 )  Cd remain- 

i n g  on c e l l  s u r f a c e s  a f t e r  t h e  s o l u t i o n  i s  withdrawn. I n  t h e  event  t h e  s o l u t i o n  

i s  u n s t a b l e  dur ing  i r r a d i a t i o n  and t h e  i n s t a b i l i t y  reverses r a p i d l y  a f t e r  termi- 

n a t i o n  of i r r a d i a t i o n ,  w e  w i l l  n o t  b e  a b l e  t o  determine whether t h e  i n s t a b i l i t y  

occurs  i n  t h e  t u b e  o r  i n  t h e  pump o r  i n  both  reg ions .  However, i t  is expected 

t h a t  t h e  primary o b j e c t i v e  w i l l  be  achieved;  t h a t  i s ,  a de te rmina t ion  of whether 

t h e  s o l u t i o n  i s  s t a b l e  under dynamic c o n d i t i o n s  which are a t  least  as severe as 

those  which w i l l  p r e v a i l  i n  t h e  r e a c t o r .  

The a u x i l i a r y  equipment c o n s i s t s  of t h e  displacement  p i s t o n ,  s o l u t i o n  

r e s e r v o i r ,  and sample c o l l e c t i o n  chamber which were d e s c r i b e d  in connect ion w i t h  

t h e  s t a t i c  system. The i n t e r c o n n e c t i o n s  are a l s o  b a s i c a l l y  t h e  same as t h o s e  de- 

s c r i b e d  f o r  t h e  s t a t i c  system. However, a l l  of t h i s  equipment except  t h e  sample 

c o l l e c t i o n  chamber w i l l  b e  l o c a t e d  o u t s i d e  t h e  Van de Graaff  room. The coolan t  

h e a t e r  w i l l  a l s o  be  used w i t h  t h e  dynamic system. 

More d e t a i l e d  informat ion  on des ign ,  component t e s t i n g ,  and procedures  

is  presented  below. 

3 . 2  Pump Performance 

A pump of t h e  dimensions and speed needed o r  p e r m i s s i b l e  w i t h  t h e  dynamic 

system has  been designed, and tests of performance have been made us ing  a s ta in-  

less s t e e l  model.* Figure 7 is  a drawing of t h e  pump and F i g .  8 i s  a photograph 

of t h e  p a r t i a l l y  assembled pump showing t h e  i m p e l l e r ,  sea l ,  housing and d r i v e  

motor. 

s t a n d  w i t h  equipment arranged as shown i n  Fig.  9. I n l e t  and o u t l e t  l i n e s  of 

Head-flow c h a r a c t e r i s t i c s  were measured by o p e r a t i n g  t h e  pump i n  a t e s t  

* The test model was designed by L. V. Wilson of  ORNL Reac tor  Div is ion .  



0.040 i n .  I . D .  c a p i l l a r y  t u b i n g ,  approximately 4.5 cm t o t a l  length,were used i n  

t h e  test. These t u b e s  were l o c a t e d  between t h e  pump and t h e  p r e s s u r e  gauges. 

The r e s u l t s  of measurements of t h e  drop i n  p r e s s u r e  a c r o s s  valve N o .  3 

over a range of volume flow rates are shown by l i n e s  A, B y  and B'  i n  Fig.  9. 

The changes i n  flow rates f o r  t h e  l i n e  A d a t a  w e r e  e f f e c t e d  by adjustment  of 

v a l v e  No. 3 w h i l e  t h e  pump speed was h e l d  c o n s t a n t  a t  33,000 rpm. The changes 

i n  flow f o r  t h e  d a t a  of l i n e s  B and B '  were produced by vary ing  t h e  pump speed 

w i t h  cons tan t  valve s e t t i n g s .  The head-flow c h a r a c t e r i s t i c s  of t h e  pump which 

were e s t i m a t e d  from t h e s e  d a t a  and from t h e  r e s u l t s  of c a l c u l a t i o n s  of t h e  

p r e s s u r e  drop i n  t h e  s m a l l  t u b i n g  and connect ions are shown by l i n e  C. The two 

p o i n t s  through which t h i s  l i n e  w a s  drawn are a l s o  shown. A t  J ~ , U U U  r p r  LiiE ski;r;t- 

o f f  head w a s  about 77  f t .  The head decreased w i t h  i n c r e a s i n g  f low and w a s  about  

51 f t  a t  220 cc/min. 

^ ^  -..n 

3 . 3  Loop Dimensions 

Shown i n  Fig.  10 a r e  c a l c u l a t e d  v a l u e s  f o r  t h e  s o l u t i o n  v e l o c i t y  r e q u i r -  

ed  i n  a tube  of g iven  diameter  i n  o r d e r  t o  e s t a b l i s h  f i l m  c o e f f i c i e n t s  comparable 

t o  t h o s e  i n  t h e  r e a c t o r  a t  a v e l o c i t y  and h y d r a u l i c  diameter  of 40 f p s  and 100 

m i l s .  The v a l u e s  of t h e  upper curve were c a l c u l a t e d  f o r  s t r a i g h t  t u b e s ,  (Ap- 

pendix 5 ) .  

r a d i u s .  A s  a r e s u l t  of t h e s e  c a l c u l a t i o n s ,  i t  is  expected t h a t  a v e l o c i t y  of 

about  2 3  f p s  w i l l  b e  s u f f i c i e n t  f o r  t h e  purpose of t h e  experiment.  

Those f o r  t h e  lower curve were ca lcu la ted '  f o r  a curved t u b e  of 0.6 cm 

The r e s u l t s  of p r e s s u r e  drop-volume flow measurements i n  a 26 m i l  I . D .  

t u b e  b e n t  i n t o  t h e  shape requi red  w i t h  t h e  c e l l  are shown i n  Fig.  11.* 

a b l e  heads a t  d i f f e r e n t  f low volumes from Fig.  10 are a l s o  shown i n  Fig.  11. The 

r e s u l t s  show t h a t  a v e l o c i t y  of  about 31 f p s  would be  produced by t h e  p r e s e n t  

The a v a i l -  

*The d i s c h a r g e  of t h e  tube  was d i r e c t l y  a t  atmosphere o r  t o  atmosphere through a 
1 i n .  l e n g t h  of  80 m i l  I . D .  p l a s t i c  tub ing .  
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-..-- puuLp d e s i t ; ~ ~  i n  a ioop cons t ruc t ed  of 26 m i l  tub ing .  

Although i t  appears  l i k e l y  t h a t  t h e  minimum requ i r ed  v e l o c i t y  of 23 t o  

24 f p s  could be  obtained wi th  t h e  a v a i l a b l e  pump i n  tubes  having bores  g r e a t e r  

than  26 m i l s ,  no apprec iab le  advantage would r e s u l t  from t h e  use  of l a r g e r  bores .  

Accordingly,  w e  p lan  t o  use  a bore  diameter  of about 26 m i l s .  

3.4 Summary of C e l l  Dimensions 

A drawing of t h e  dynamic ce l l  showing important  dimensions i s  g iven  i n  

Fig.  12. Addi t iona l  c e l l  parameters  are l i s t e d  i n  Table 4. 

3.5 Power Density 

Measurements of e l e c t r o n  c u r r e n t s  from t h e  Van de Graaff u s ing  a mul t i -  

p o i n t  c o l l e c t o r  (exp. 8 of r e f .  4) showed an arrangement of c e l l  and e l e c t r o n  

s c a t t e r e r  f o r  which t h e  c u r r e n t  d e n s i t y  is approximately uniform over  t h e  s u r f a c e  

of a 1 .3  c m  d i s k .  Subsequent measurements us ing  a c e r i c  dos imeter  s o l u t i o n  i n  

a system which s imulated t h e  materials and dimensions of t h e  dynamic system show- 

ed t h a t  a power dens i ty  of 150 w / c c  can b e  obta ined  wi th  t h e  c e l l  and scatterer 

p o s i t i o n s  r e f e r r e d  to  above. 

t h e  mock-up t h a t  i t  w i l l  be  worthwhile t o  perform a d d i t i o n a l  dosimetry experiments  

i n  which t h e  ceric s o l u t i o n  i s  exposed w i t h i n  t h e  exper imenta l  c e l l  when t h e  c e l l  

becomes a v a i l a b l e .  The power d e n s i t y  p r e v a i l i n g  i n  a given experiment w i l l  b e  

determined from t h e  power density-beam c u r r e n t  r e l a t i o n s h i p  found i n  t h e s e  ad- 

d i t i o n a l  measurements. 

5 

The f i n a l  c e l l  des ign  w i l l  d i f f e r  s u f f i c i e n t l y  from 

It may be  noted t h a t  t h e  power d e n s i t y  i n  t h e  s o l u t i o n  w i t h i n  t h e  tube  

may d i f f e r  from t h a t  i n  the  remainder of t h e  s o l u t i o n  owing t o  d i f f e r e n c e s  be- 

tween t h e  amount of absorber  between t h e  Van de Graaff  and t h e  s o l u t i o n  and t o  d i f -  

f e r ences  between t h e  amounts of s c a t t e r i n g  of e l e c t r o n s  from Zircaloy-2 w a l l s  i n t o  

t h e  s o l u t i o n s .  It can b e  specu la t ed  t h a t  t h e  d i f f e r e n c e  i n  power d e n s i t y  w i l l  be  
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Table 4 

Some Dynamic C e l l  Parameters 

Tubing Loop 

Length 

Bore d iameter  

Volume 

p e r  u n i t  l e n g t h  

t o t a l  

I n t e r n a l  s u r f a c e  area 

p e r  u n i t  l eng th  

t o t a l  

Wall t h i c k n e s s  

Reynolds number a t  24 fps and 60°C 

Pump Cavity 

Diameter 

Surf ace area (approximate) 

f r o n t  and back su r f  aces 

o u t e r  edge of cav i ty  

vanes 

t o t a l  

Volume (approximate) 

Power i n  c e l l  a t  150 w/cc of s o l u t i o n  

which must be  removed by coo lan t  

(approximate) 

3.8 cm 

.066 cm 

.0034 cc/cm 

.013 cc  

2 . 2 1  cm /cm 

.80 c m  2 

2 t o  3 m i l s  

10,000 

1.27 cm 

2 

2 

2 

3.45 cm 

0.41  cm 

0.64 cm 

2 4.5 cm 

0.25 c c  

85 w 
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s m a l l .  However, a measurement of  t h e  power d e n s i t y  w i t h i n  t h e  s o l u t i o n  i n  t h e  

tube  w i l l  a l s o  b e  made. 

The t o t a l  power depos i ted  w i t h i n  t h e  c e l l  i s  expected t o  b e  about 85 w 

a t  150 w p e r  cc  i n  s o l u t i o n .  

average c u r r e n t  d e n s i t y  which was determined from exp 8 of r e f .  4. 

This  estimate of power g e n e r a t i o n  i s  based on t h e  

3.6 Temperature Cont ro l  

Estimates have been made (Appendix 6) of h e a t  which can be  removed from 

t h e  circumference of t h e  i m p e l l e r  housing. It w a s  assumed t h a t  h e a t  would 

p a s s  through 5 m i l s  of Zircaloy-2 a t  t h e  circumference and i n t o  a c o n t a c t i n g  

aluminum j a c k e t .  The temperature  of t h e  j a c k e t  would b e  c o n t r o l l e d  by c i r c u l a -  

t i o n  of a c o o l a n t .  It w a s  found t h a t  a l l  of t h e  r a d i a t i o n  h e a t  i n  t h e  c e l l  can 

b e  removed i n  t h i s  way when (1) t h e  c e l l  temperature  i s  60"C, (2) t h e  v e l o c i t y  

i n  t h e  loop i s  24 f p s ,  and (3) t h e  coolan t  temperature  i s  about 2 O o C .  For 

h i g h e r  c e l l  temperatures  and/or  h i g h e r  v e l o c i t i e s  i n  t h e  loop,  t h e  coolan t  t e m -  

p e r a t u r e  can be  h igher  t h a n  20°C. Accordingly,  i t  w a s  concluded t h a t  t h e  t e m -  

p e r a t u r e  of t h e  cel l  can b e  c o n t r o l l e d  by pass ing  c o n t r o l l e d  temperature  water 

through t h e  aluminum j a c k e t  . 
The previous ly  d e s c r i b e d  h e a t e r  w i l l  b e  employed i n  c o n t r o l l i n g  t h e  t e m -  

p e r a t u r e  of t h e  coo lan t .  

Est imat ion of t h e  temperature  g r a d i e n t s  i n  t h e  c i r c u l a t i n g  s o l u t i o n  show 

t h a t  a t  150 w p e r  cc and a t  31  f p s  i n  t h e  tube ,  t h e  tempera ture  rise i n  so lu-  

t i o n  pass ing  through t h e  pump i s  about  6°C. 

through t h e  loop i s  about 0.4"C i f  no h e a t  i s  l o s t  t o  sur rounding  a i r .  Tempera- 

t u r e  g r a d i e n t s  a t  o ther  o p e r a t i n g  c o n d i t i o n s  can b e  e s t i m a t e d  r e a d i l y  from t h e s e  

v a l u e s .  

The rise f o r  s o l u t i o n  p a s s i n g  
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6 3.7 Methods and S e n s i t i v i t y  of Cd Analyses 

A s  p rev ious ly  mentioned, t h e  volume of t h e  dynamic system w i l l  b e  about  

2 0.25 m l ,  and t h e  area of t h e  26 m i l  tube w i l l  be  about 0.8 cm . A s o l u t i o n  

sample  w i l l  be obta ined  dur ing  i r r a d i a t i o n  by d i l u t i o n  of t h e  s o l u t i o n  w i t h i n  

t h e  c e l l .  The s o l u t i o n  wi th in  t h e  c e l l  can a l s o  be  removed f o r  ana lyses  a f t e r  

i r r a d i a t i o n .  

The samples w i l l  be  analyzed us ing  c o n t r o l l e d  p o t e n t i a l  coulometry. The 

expected accuracy i s  5 1 pg a t  t h e  100 pg l e v e l ,  and 5 0.3% at  300 t o  1000 pg 

l e v e l .  

To pu t  t h e s e  va lues  i n t o  p e r s p e c t i v e ,  assume t h a t  t h e  s o l u t i o n  w i t h i n  t h e  

c e l l  con ta ins  275 pg of Cd (0.25 m l  of 0.01 M CdSO ) and that  3UU 1-18 are contain-  

ed i n  t h e  s o l u t i o n  which has  passed through - the c e l l  and which i s  employed i n  t h e  

4 

ana lyses .  The u n c e r t a i n t y  i n  t h e  t o t a l  amount of Cd i n  s o l u t i o n  w i l l  then  be  

- + (575)( .003)  = 5 1 . 7  ug. 
2 

Assuming t h a t  Cd w i l l  be adsorbed only on t h e  0.8 cm of t u b e  s u r f a c e  

2 
t h e  u n c e r t a i n t y  i n  t h e  amount adsorbed w i l l  be t 1.71 0.8 = 2 2.1  pg/cm . 

It may be  noted  t h a t  t he  s e n s i t i v i t y  of t h e  de te rmina t ion  of adso rp t ion  

i n c r e a s e s  somewhat as t h e  concent ra t ion  of Cd i n  t h e  sample  decreases .  

It may a l s o  be  noted t h a t  t h e  s e n s i t i v i t y  i n  t h e  above example can be  

inc reased  by determining the  Cd r e t a ined  i n  t h e  c e l l  a f t e r  an exposure.  Thus, 

assume t h a t  adsorbed Cd r e t u r n s  t o  s o l u t i o n  a f t e r  t e rmina t ion  of i r r a d i a t i o n .  

This  r ed i s so lved  Cd i s  r e t a i n e d  wi th in  t h e  .25 m l  of s o l u t i o n  w i t h i n  t h e  c e l l .  

Assuming f u r t h e r  t h a t  t h e  amount of Cd i n  t h e  o r i g i n a l  s o l u t i o n  i s  275 pg p e r  

0.25 m l  and t h a t  t he  c e l l  s o l u t i o n  is brought t o  t h e  o r i g i n a l  concen t r a t ion  by 

pass ing  a s u f f i c i e n t  volume of s o l u t i o n  through t h e  c e l l ,  t h e  u n c e r t a i n t y  i n  

t h e  amount r ed i s so lved  i s  2 (1.4)(275)(.003) = 5 1.2 pg o r  5 1.4  pg p e r  cm2 of 

t ube  s u r f  ace .  
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I f  t h e  adsorbed Cd does no t  r e d i s s o l v e  r e a d i l y  i n  t h e  s o l u t i o n  a f t e r  

i r r a d i a t i o n ,  t h e  amount adsorbed can be  determined wi th  h igh  accuracy.  Thus as- 

sume t h a t  depos i ted  Cd i s  d i s so lved  i n  3 cc of a c i d  s o l u t i o n  con ta in ing  no o t h e r  

Cd. The expected s e n s i t i v i t y  of ana lyses  of t h e  s m a l l  amount of Cd i s  about 

- + 0.15 pg/ml so t h a t  t he  t o t a l  u n c e r t a i n t y  i n  t h e  amound adsorbed would be 

- + 0.45 pg(+ 0.56 pg/cm 
2 2 on 0.8 c m  ). 

3.8 Control  Experiments 

Cont ro l  experiments w i l l  be  performed t o  determine adso rp t ion  i n  t h e  ab- 

sence  of r a d i a t i o n .  E s s e n t i a l l y  t h e  same procedures  as those  planned f o r  t h e  

r a d i a t i o n  experiments w i l l  be  used. 

4. T e s t  Schedule.  

A p r o v i s i o n a l  t e s t i n g  schedule  f o r  t h e  f i r s t  experiments  t o  b e  c a r r i e d  

out  i s  g iven  i n  Table 5. 

Table  5 

P r o v i s i o n a l  Tes t ing  Schedule 

T e s t  Exposure So lu t ion  Composition Temperature 
No. Dose Rate T ime  [CdSO41 PH Gas 

(w/cc) (min) (m> wi th  H2S04 Content ("0 

1 150 10  0.04 ( a >  H e  60 

2 150 30 0.04 ( 4  H e  60 

3 15 0 30 0.04 ( a >  H e  

4 15 0 10 0 .01  ( a>  H e  

120 

120 

5 150 30 0.01 ( a>  H e  120 

6 150 10 0.01 ( a )  H e  60 

7 150 30 0.01 2 H e  60 

8 150 30 0 .01  2 H e  60 

9 150 30 0.01 2 H e  60 

( a )  No a c i d  added. 
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The primary o b j e c t i v e  of t h i s  series of tests is  t o  o r i e n t  ou r se lves  wi th  re- 

gard t o  t h e  major v a r i a b l e s  l i k e l y  to  i n f l u e n c e  t h e  s o l u t i o n  s t a b i l i t y .  Depend- 

i n g  on t h e  d i r e c t i o n s  i n d i c a t e d  by the  r e s u l t s  ob ta ined ,  w e  w i l l  t hen  make a 

more d e t a i l e d  s tudy  of t h e  important  parameters  over  t h e  ranges of i n t e r e s t ;  

i . e .  , 

Concentrat ion CdS04 0.01 - 0 .1  M 

PH 2 - 5  

Temperature 60 - 120°C 

Dose r a t e  t o  150 w/cc 

Exposure t i m e  1 t o  30 min. 

Hydrogen content  0 t o  15 p s i ,  equ iva len t  

Experiments w i th  t h e  dynamic sysieul w i l l .  k p c x l  =;E t h ~  resiilts ob ta ined  

i n  s t a t i c  tests; al though wi th  s u i t a b l e  d u p l i c a t i o n  t o  e v a l u a t e  flow e f f e c t s .  
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Appendix 1 

( S t a t i c  System) 

CALCULATION OF AT ACROSS SOLUTION I N  ZIRCALOY-2 TUBE 

AT 150 w/cc. 

Use equat ion ,  

q = ra te  of volume h e a t i n g  i n  s o l u t i o n  

r = i n t e r n a l  r a d i u s  of Zircaloy-2 tube  

k = thermal  c o n d u c t i v i t y  of s o l u t i o n  

In t roducing  v a l u e s  
n 

(38) (0.024)L 
( 4 )  (1 .4 10-3) 

AT = 

AT = 3.9OC 

Appendix 2 

( S t a t i c  System) 

CALCULATION OF TEMPERATURE DROP ACROSS ZIRCALOY-2 WALLS AT 
150 wlcc. 

Average area f o r  conduction i n  Zircaloy-2 w a l l  

In t roducing  va lues  

0.320 - .151 SiIcm = . J L U  Rn - .151 

2 
X / c m  = 0.225 c m  / c m  

Rate of r a d i a t i o n  hea t ing  i n  w a l l  p e r  u n i t  average  area 

4 =  

4 =  

4 =  

-1 -1 
ca1,sec , c m  

( cm2 , cm-'1 

0.96 
0.225 

4.3 cal  , sec-' , cm-2 
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Temperature gradient across wall resulting from heating in walls 

Use equation, 

s4 
2k' AT = 

where L is the thickness and k is the thermal conductivity of 

Zircaloy-2 

Introducing values 

(4.3) (.027) 
( 2 )  (.O36) AT = 

AY = l.b°C 

Temperature gradient across wall resu-ting from heating in solution 

AT = 

kA 

where q is the heat from solution (cal,sec-l,cm-l), and L is the 

wall thickness. 

Introducing values 

.07) (.027) 
( . 036)  (. 225) AT = ( 

AT = 0.23OC 

Appendix 3 

(Static System) 

CALCULATION OF FI'A COEFFICIENT IN COOLANT JACKET AT 19 fps 

and bO°C. 

1. Dimensionless numbers 

a. Reynolds number 
DV Re = - 
Y 

( . 0 3 6 )  (580) 
. U047 Re = 

Re = 4,400 
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b. P r a n d t l  number 

P r  = 3.02 

Other q u a n t i t i e s  

a. 

Btu b. S p e c i f i c  h e a t ,  Cp = 1.00 - 

3 S p e c i f i c  weight ,  y ,  = 61.52 l b / f t  

( I b )  (F)  

2 .  Evalua t ion  of f i l m  c o e f f i c i e n t  f o r  w e l l  e s t a b l i s h e d  t u r b u l e n t  flow 
-114 h Nu - 0.0396 (Re)  

('Ia = G P r  - l+A(Re) ' / ' (Pr-l)  

Where A = 1 . 7  

Evalua t ing  the r i g h t  s i d e  of t h e  equat ion ,  w e  have, 

= 2 . 2 1  x 10-3 h 
Y CPV 

b Mul t ip ly ing  t h i s  va lue  by t h e  f a c t o r ,  

1 + 1 . 7 7  d/R, 

which accounts  f o r  t h e  e f f e c t  of c u r v a t u r e ,  we  have 

Btu 
( h r )  ( f t 2 )  (F)  h = 10,500 - 

3. e v a l u a t i o n  of f i l m  c o e f f i c i e n t  f o r  t r a n s i t i o n  zone flow. 

I n  t h i s  case w e  a g a i n  use Eq. 1 above b u t  t h e  N u s s e l t  number i s  t h a t  

given by t h e  Hausen e x p r e s s i o n  

I 
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where u and u 

of t h e  b u l k  s o l u t i o n  and of t h e  w a l l .  

Eva lua t ing  t h i s  express ion  w e  have, 

are the v i s c o s i t i e s  of t h e  water a t  t h e  temperatures  B W 

Nu = 2 4 . 2  

t h e n  from Eq. 1 

-- h - 1.82 I O - ~  
Y CPV 

then  h i n  a s t r a i g h t  channel  i s  

h =  

I n c r e a s i n g  

h =  

7,600. 

t h i s  v a l u e  by t h e  c u r v a t u r e  f a c t o r ,  w e  have 

a. R e f .  2 

b. Ref. 3 

Appendix 4 

(Stat ic  System) 

CALCULATION OF AT FROM CENTER OF TITANIUM FILTER TO ZIRCALOY-2 
WALL 

Assume t h a t  h e a t  i s  not exchanged w i t h  s o l u t i o n  

t h e n  AT = ,,2 4 k  

In t roducing  v a l u e s  
0 

(130) ( .029)  ' 
( 4 )  (0.04) 

AT = 

AT = 0.7"C 
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Appendix 5 

( S t a t i c  System) 

CALCULATION OF TEMPERATURE DROP ACROSS ZIRCALOY-2 WALLS AT POINTS OF CONTACT 

WITH TITANIUM FILTER AT 150 w/cc. 

Assume t h a t  h e a t  from f i l t e r  f lows only i n  a r a d i a l  d i r e c t i o n  

Also assume t h a t  t h e  average area f o r  h e a t  conduction i s  t h e  same as 

t h a t  employed f o r  o t h e r  p a r t s  of t h e  t u b e  (Appendix 2)  a l though t h e  w a l l  

t h i c k n e s s  h e r e  i s  only 0.022 cm. 

Temperature drop a c r o s s  w a l l  from volume h e a t i n g  i n  w a l l  i s  then  assumed 

t o  b e  2.2"C. 

C a l c u l a t e  AT r e s u l t i n g  from h e a t  f lowing from f i l t e r  

In t roducing  va lues  

(0.29)  (.022) 
(. 036) (. 225) AT = 

AT = 0.8"C 

Appendix 6 

(Dynamic System) 

VELOCITY REQUIRED I N  STRAIGHT TUBES OF 25 t o  40 m i l  BORE I N  ORDER TO SIMULATE 
FILM CONDITIONS AT VELOCITY OF 40 f p s  AND A HYDRAULIC DIAMETER OF 100 m i l .  

a According t o  Kent's Handbook t h e  f i l m  c o e f f i c i e n t s  i n  tubes  of d i f f e r e n t  

h y d r a u l i c  d iameters  a r e  r e l a t e d  t o  t h e  d iameters  and v e l o c i t i e s  by t h e  e q u a t i o n ,  

-,o* 8 v h = k- do.2 , 

where k i s  a cons tan t  f o r  a g iven  f l u i d  and tempera ture ,  V i s  t h e  v e l o c i t y ,  and 

d is  t h e  h y d r a u l i c  diameter .  

v a l u e s  f o r  t h e  upper l i n e  i n  Fig.  11. 

a 

This  r e l a t i o n s h i p  w a s  employed i n  c a l c u l a t i n g  t h e  

I 
Ref. 8 

L 
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Appendix 7 

(Dynamic System) 

ESTIMATE OF AMOUNT OF HEAT WHICH CAN BE REMOVED FROM CIRCUMFERENCE OF IMPELLER 

HOUSING 

Est imates  of t h e  f i l m  c o e f f i c i e n t  f o r  t h i s  s u r f a c e  were based on t h e  as- 

sumptions: (1) t h a t  t h e  l i n e a r  v e l o c i t y  of s o l u t i o n  i n  t h e  annular  r e g i o n  ad- 

j a c e n t  t o  t h e  i n n e r  c i rcumference w i l l  match t h e  p e r i p h e r i a l  v e l o c i t y  of t h e  

impeller,and (2)  t h a t  t h e  f i l m  condi t ions  n e a r  t h e  circumference w i l l  b e  compar- 

a b l e  t o  t h o s e  f o r  flow i n  a s t r a i g h t  p i p e  a t  t h e  same v e l o c i t y .  A l i s t  of para-  

meters employed i n  t h e  estimates of h e a t  removal fol lows.  

Values f o r  t h e  f i l m  c o e f f i c i e n t s  c a l c u l a t e d  us ing  Eq.  1 of Appendix 3 are inc lud -  

ed i n  t h i s  t a b u l a t i o n .  

Value of parameter  

Parameter 24 fps  31 f p s  

I m p e l l e r  diameter  .454 i n .  

Hydraul ic  diameter of annular  region .033 i n .  

Pump speed 25,000 rpm 

P e r i p h e r i a l  v e l o c i t y  of i m p e l l e r  49 f t  per  s e c  

Reynold's number a t  above diameter and 
v e l o c i t y  and a t  60°C 26,000 

9. 1. - I W & A "  2c.m-4 ft 2 Heat t r a n s f e r  a r e a  

Thickness of Zircaloy-2 between 
s o l u t i o n  and aluminum j a c k e t  

Film c o e f f i c i e n t  ( B t u / h r * f t 2 - ' F )  

Now f o r  housing w a l l  t h i c k n e s s  of 0.005 i n . ,  

1 2  = 20,000 B t u / h r . f t 2 - " F  h = K / X  = - 8.3 

A t  31  f p s  i n  tube 
.005 

.005 i n .  

18 , 000 

.454 i n .  

.033 i n .  

33,000 rpm 

65 f t  p e r  s e c  

35,000 
2 4 ,  7 h x 1 ~ - 4  f t  

.005 i n .  

23,000 

-5 - = 9.4 x 10 1 
U 23,000 20,000 

U = 11,000 Btu /h r . f t2*OF 

_ -  
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Heat removed from housing 

UAAT = 11,000 x 4.36 x l f 4  x AT = 3.8 AT Btu /hr  

A t  24 f p s  i n  tube 

1 1 
U 18,000 4- 20,000 

2 U = 9,500 B t u / h r * f t  * O F  

-4 
= 1.06 x 10 - =  

Heat removed from housing 

UAAT = 9,500 x 4.36 x x AT = 4.1  AT Btu /hr  

For 85 w a t t s  hea t  i n p u t  ( 2 9 0  Btu/hr )  

AT = - -  290 - 60°F a t  3 1  f p s  i n  tube  
4.8 

A T = - =  290 71°F a t  24 f p s  i n  tube  4.1  

Considering the  r e s u l t s  of t h e s e  estimates and of t h e  f a c t s  t h a t  un- 

determined amounts of h e a t  w i l l  be l o s t  from t h e  f a c e  of t h e  pump and from t h e  

s h a f t ,  i t  w a s  concluded t h a t  t h e  tempera ture  can be  c o n t r o l l e d  by t r a n s f e r  of 

h e a t  through t h e  pump housing t o  a water cooled aluminum j a c k e t .  
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P a r t  P a r t  
No. Name 

I Test tube 

- - 
M a t e r i a l  

Z i  rca loy-2 

2 

3 

4 

5 

6 

1 

8 

9 

10 

I I  
12 
13 
14 

Cooling j a c k e t  S t a i n l e s s  s t e e l  

S o l u t i o n  I n l e t - o u t l e t  S t a i n l e s s  s t e e l  

S h i e l d  p l a t e  Brass 

C o n t r o l l e d  temp- 
e r a t u r e  water  S t a i n l e s s  s t e e l  
adapter 

Thermal I nsu I a t o r  M i c a r t a  

C I amp Brass 

C I amp Brass 

Water c o o l i n g  tube Copper 

Elect ron beam s c a t t e r -  
e r  Goid 

Water cool i ng tube Copper 
Mounting P l a t e  Brass 
Adapter S t a i n l e s s  s t e e l  
F I  I t e r  T i  t a n i  um 

DRNL DIG. 66-1173 Dimensions 

19 m i l  I .D. ;  40 m i l  O.U. t u b i n g  +@--.--)- 
C o i l  diameter of 1/2-in. --- 
Lenght of i r r a d i a t e d  p o r t i o n  ,I-3/4-in. 
Test tube i s  mounted such t h a t  
no thermal c o n t a c t  e x i s t s  
w i t h  mounting or s h i e l d  p l a t e s .  

62 m i l  O.D.; 54 m i l  I.D. t u b i n g .  

6 m i l  I.D.; 50 m i l  O.U. Sealed t o  
t e s t  tube mechanica l ly .  

3- in .  diam. x 1/8-in t h i c k  
spaced so t h a t  i t  c l e a r s  t e s t  
c o i l .  Hole i s  I /Z-in.diam. a 

0 
62 m i l  O.D.; 40 m i l  I.D. tub ing.  

a-&,,,l 

-T 5 1/16-in. t h i c k  p laced t o  prevent  
thermal c o n t a c t  between t e s t  c o i l  
and mounting p l a t e s .  

I -3 /4- in .  x 3/4- in .  x 1/8-in. 

5 / 8 - i n  x 5/8- in .  Y I / 4 - i n .  

3 / i 6 - i n .  0.0.  

I m i l  t h i c k ,  1/4-in. diam. located 
3/16-in f r m  p lane of c o i l .  

3/16-in. O.D. 
p2q 

diam x 1/4-in. t h i c k .  
J o i n t s  sealed w i t h  epoxy cement. 
25 m i l  t h i c k .  

Fig. 2. Static Irradation Cell. 
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F i g .  4 .  Photograph  of T i t an ium Valve  (Di sp lacemen t  P i s t o n ) ,  S t e p  
Motor and Dr ive  Gears. 
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ORNL W G .  66-1175 

T 3 0.0.7 

BOTH ENDS) 

0.090 0.0.-0.050 1.0. 
(Bonr ENDS) SECTI ON-AA 

T O P  V l f W  

0.042 QD. -0.006 1.0. CAP. 

7-16 PARKER TUBE FITTING CAP < 
lj iik 6 DRILL THRU 

\ ~,c.B.&D.P. 3 
0.043 KPCTROD€ 

SKTION - BB 

ALL MATERIALS TITANIUM 

F i g .  5. Sample Collection Chamber. 
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*A I \ 
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0 5 0  PITCH 

8TtlREADS LEFT WAUD 
2XTHRLADs pCLLEJcW 
L E A D  L , 4 0 0  

ORNL DWG- 66-1177 

Fig .  7. Test Pump. 
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F i g .  9 .  Head-Flow R e s u l t s  f o r  T e s t  Pump w i t h  Water a t  2 O o C .  



40 

Fig. 10. Calculated Velocity vs Tube Diameter Required to Simulate 
Fluid Film Conditions in Reactor at 40 fps. 

. 
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3.5 4.0 4.5 5.0 5.5 6 0  
Square Root of  Pressure Head ( P S I  ) I 1 *  

Fig.  11. Pres su re  Head-Flow Re la t ions  f o r  Mock-up of Dynamic System 
Loop (25 .7  m i l  I . D .  Tubing).  
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ORNL DWG. 66-1179 

F i g .  1 2 .  Proposed  Dynamic Cell. 
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